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Abstract-l. A relationship is evident between oxygen consumption (OC in cm3,hr) and weight (WT 
in g) such that: 
OC = -0.580 (WT)‘.053. 
2. Fathead minnows failed to exhibit immediate rate compensation as a result of acute temperature 
changes. Minnows showed an exponential increase in weight-specific oxygen consumption with tempera- 
ture (in “C), resulting in a Qlo of over three. The equation is: 
OC = 10” 04” (Temp.) - 1.268. 
3. Minnows acclimated to water temperatures of 5%21°C showed a steady increase in opercular 
movement rates (OMR) (ventilation rates) as expressed by the equation: 
OMR = 0.1968 (Temp.)’ + 1.064. 
4. Grouping more than two fish per chamber resulted in an increase in oxygen consumption. The 
relationship of group size (GS) to oxygen consumption is: 
OC = 0.04059 (GS)’ - 0.2017 (GS) + 0.5353. 
5. Oxygen consumption is a function of dissolved oxygen level. This relationship is shown by the 
equation: 
OC = 0.003049 (OL)3 - 0.06359 (OL)’ + 0.4211 (OL) - 0.4020 
where OL is oxygen level. Due to high variability, it is statistically impossible to determine oxygen 
level ranges in which they conformed and those in which they regulated. 
INTRODUCTION 
Many factors exhibit a marked effect on metabolic 
rates. Some of these include: ambient temperature, 
time of day, season, sex, age, level of activity, weight, 
light level, etc. Also, oxygen consumption of aquatic 
vertebrates may depend upon ambient pH, osmotic 
pressure, existing dissolved oxygen levels, group size, 
etc. This is the first in a series of papers dealing with 
effects and relationships of most of the above par- 
ameters to the bioenergetics of the minnow, Pime- 
phales promelas. 
Oxygen consumption has long been considered a 
valid measure of metabolism. It is also generally 
accepted that concentrations of dissolved oxygen 
affect the metabolic rates of aquatic animals (Kusins 
& Mangum, 1971). 
Most energetics studies consist of only one or two 
variables. This is unfortunate when one considers that 
metabolism is a function of several simultaneous in- 
ternal and external parameters. The purpose of this 
and subsequent studies is to account for as many of 
*Reprint requests should be addressed to: Dr. E. H. 
Studier, Department of Biology, The University of Michi- 
gan-Flint, Flint, MI 48503, U.S.A. 
these conditions as possible, in order to get a more 
complete picture of the organism’s metabolism. 
MATERIALS AND METHODS 
Minnows (Pimrphales prornelas Rafinesque) used in this 
study were obtained commercially from the stock of a local 
bait shop, during March and April, 1977. They were main- 
tained in aerated 30 gallon aquaria at room temperature 
(21 “C i_ 1 ‘C), and were fed commercial fish food at regular 
intervals. After acclimation to these laboratory conditions 
for at least 1 week prior to testing, minnows were exposed 
to a cycle of 12 hr light and 12 hr dark (centered on 7:OO 
a.m.) at an average light intensity of 1.5 W/m’, measured 
at the experiment vessel surface. All testing was conducted 
between the hours of 1.00 and 5.00p.m. in order to avoid 
variation due to diurnal fluctuations. Essentially all of the 
water was obtained along with the fish from the bait shop, 
and used in the studies. 
The amount of oxygen consumed was determined at the 
end of 2 hr runs by the Winkler method, as outlined by 
Hoar & Hickman (1967), using a Gilmont 2.0ml mi- 
crometer buret (Roger Gilmont Industries, Inc., Great 
Neck, NY). In each study the parameters monitored were: 
pH, osmotic pressure, light level, weight, group size, ori- 
ginal dissolved oxygen level, and temperature. This was 
done in order to make allowances for differences due to 
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Six lish wcrc used at each of six different temperatures. 
chosen in 5 increments from 2 to 27 C‘. All of the minnows 
log OC (a$.-hr) = -0.5X0 + I.053 (log WT) (g). 
f * O.OOi) ( * 0.204) 
where values in parentheses are standard errors for 
the intercept and slope. (F = 114.038. d.f. I and 15, 
P < 0.001. and 1.2 = 0.X’.) 
Regression analysis of dntil resulted in ;I good 
curvilinear fit. Logarithmic transformation gave a 
linear relationship of weight-specific oxygen con- 
sumption vs temperature. The equation for this rela- 
tionship in : 
log Oc’ = 0.0482 (Temp.) - 1.268. 
had been previously acclimated to 31 c‘ (and had not been (+11.051) ( i-o.07 I t 
fed for zt Icasr ITt hr prior to cxpcrimentation). Jars wcrc 
pi-adjusted to the desired cxpcrimental temperature. 
where Oc‘ is oxygen consumption (cm”/g’.“” per hr). 
and Temp. is temperature in C’. (F = 381.270, d.f. 
G,‘illr/’ .\,I(’ 1 and 33. P c 0.001. and r2 = 0.920.) 
Six jars wcrc tilled with aerated aquarium water. Groups 
or I 5 fish ucrc then sealed within these jars. It was known G!YNr/ .si-_c, 
that one fish would have sutiicient oxqgcn to survive a 
7 hr period. hut the limited oxygen supply would not sus- 
tGn ;I targcr group for the 2hr run. Consequently. the 
amount of time spent in the jar was reduced with increas- 
ing group \i?c. so that fish-hr remained constant at two 
(thus. two fish spent I hr. three fish remained 40 min. etc.). 
Hclbr~ the elk& aE ox~gcn level were tested. it stander- 
diraiion curtc was constructed bj bubbling oxygen and 
nitrogen through each of two separalc 5 gallon containers. 
(>u>gcn content was calculated for samples taken cvcrq 
30 min from each container. In the actual run. minnows 
\+crc not ncchmated to the new oxveen levels. but were 
As can hc seen in Fig. I. a possible optimal group 
sire for fathead minnows was indicated by plotting 
the reduced data. Calculation of regression analysis 
gave the following equation: 
OC = 0.04059 (GS)’ - 0.2017 (GS) + 0.5353. 
( *o.oI2) ( * 0.074) ( * 0.0996) 
where OC is again oxygen consumption (see above) 
and GS is Group Size (F -= 10.7. d.t i and 2X. 
P < 0.001. and rz = 0.4515). Figure 1 shows the 
graph of the regression line. Analysis of OC (SNK 
test) showed no significant difference as a function 
of GS. Since the slope of the line contains a minimum, 
,Y 
introduced into jars filled with water that had been aerated we are able to calculate an optimal group size. Taking 
wllh niu-ogen or oq’gen for %ar)ing time spans. the first derivative of the regression line will yield 
op<“‘c’lrlnr ~l~ol~~‘lJl~‘tll rutc this optirnLlI~1 (Studier cl ai.. 1975) as 2.48 fish/vessel 
Minnow7 wcrc maintained in an aerotcd aquarium in- 
or I f%.hi403cm3. 
\ide ;I water bath. Changes in the temperaiurc of the 
aquas-ium water were cffectcd by regulating the tcmpera- 
O.Y~yc,rl IrrVl 
turc of the water bath. Temperatures below ambient were Oxygen consumption decreased with a decrease in 
ncccmphshed bq adding ice to the water bath. The fish existing dissolved oxygen level, and increased as exist- 
\ccrc ;illo~cd to acclimate 10 ii given temperature for .! ing levels increased. The regression equation is: 
or i da)s. Testing originated at 5 C. with additional tests 
conciuctcd af IO. 13, I8 and ?I C‘ temperatures. Twelve 
oc = O.~3~~49(OL)~ - 0.0636(OLfZ 
lish. cnch chosen at random. were sampled at each tem- 
( * 0.002) ( * 0.043) 
pcralure. Operculilr movements were counted and + 0.421 (OL) - 0.4020. 
recorded for I min. ( I0.246) ( 10.393) 
where OC is oxygen consumption and OL is oxygen 
RESI. LTS level (cm3,‘1). (F = 4.X 18 with I and 2X d.f.; P < 0.05; 
$ = 0.3664.) Based upon a graph of the regression 
For a11 additional studies reported in this paper, equation (Fig. 2), the minriows appear to he con- 
except those dealing with opercular movements and farmers below 5 cm3/l and regulators above. There 
temperature. oxygen consumption has been weight- are probably other factors that prevent a clear 
adjusted. In other words. a corrected weight-specific demonstration of a breaking point (see Discussion). 






















Fig. 3. Opercuiar movement rates of individual Pimq~hales 
pr~~~~,~as at varying ambient temperatures. 
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Number of fish m group 
Fig. 1. Oxygen consumption of varying group sizes of fish 
(Pimrphales promelrrs). 
Opercular movement rat@ 
An extremely strong direct relationship is indicated 
between opercular movement rates (OMR) and tem- 
perature. This is easily seen in Fig. 3. The equation 
obtained is: 
OC = 0.197 (OMR)’ f 1.084, 
where OC is oxygen consumption (cm3,/g’,0”3 per hr), 
and OMR is opercuiar movement rate (movements~ 
mm). (F = 588 with 1 and 58 d.f.; P < 0.001; 
r2 = 0.910.) 
DISCUSSION 
These studies have attempted to determine meta- 
bolic rate of fathead minnows as a function of several 
parameters. In considering metabolic rate, it should 
II t t II t 1 t I t 
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Fig. 2. Oxygen consumption of indjvidua~ ~i~~~~~a~es pro- 
melas at various ambient oxygen levels. 
(‘.R.P. 62’2~ I 
be noted that maximal metabolic rate represents a 
stressful situation, and not an optimal condition. An 
optimal condition is that which does not require the 
organism to expend a maximal amount of energy in 
maintaining its existence. 
The results indicate the expected linear relationship 
of oxygen consumption to weight on a log-log coor- 
dinate system; however, the value of the respiration 
coefficient is higher than most reported values for fish 
(Table 1). It is also evident that weight-specific oxygen 
consumption would increase, rather than decrease, 
with an increase in weight. 
Our data might seem to conflict with all of the 
values in Table I. If one takes into account the confi- 
dence limits associated with the value of our respir- 
ation coefficient, though it is still at the upper end 
of the values reported, it is in closer agreement with 
those results. 
It is not unusual to see extremely variable values 
for the respiration coefficient, even among related 
species (Fitch, 1975: Barnes & Barnes, 1969). It has 
been suggested by Brody (194.5) and Zeuthen (1953) 
that a value of 0.67 is appropriate for homeotherms. 
Iicmmingsen (1960) found 0.75 * O.Ot 5 (SE. of slope) 
was not unusual for poikilotherms. While it can be 
seen that several of the values listed in TabIe t are 
in close agreement with Hemmingsen. it will also be 
noted that several are quite noticeably in conflict with 
his findings. Prosser & Brown (1961) make a broad 
generalization that values may range from 0.67 to 1.0. 
The lower value is an expression of the surface area 
to volume rule which suggests that surface area varies 
to the 2/3 power of body size. The upper limit of 
1.0 would indicate a complete dependence of meta- 
bolic rate on body size. Almost all values have been 
found in this range, or below it, and a value that 
is less than 1.0 would show weight-specific metabolic 
rate decreasing with increasing size. 
The only exception we were able to find in the 
literature was documented by Beamish (1964; see 
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Brook t~.out IO 
Brook trout 15 
Brook trout 20 
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H~mnlin~s~n (I 960) 
Table I ). and hc attributes it to the fact that one 
of the smaller fishes studied resulted in a respiration 
coefficient greater than 1.0. which to him indicated 
;I phylogcnetic increase in metabolic rate in smaller 
animals. even though it does not follow ~~ntogeneti- 
tally. Extrapolation of this argument would suggest 
that species as small as the fathead minnow would 
indeed show a larger respiration coeficient. Zeuthen 
(1953). however, asserted that it must be recognized 
that values greater than I.0 are exceptions to the rule. 
IJe stated that values greater than 1.0 are only valid 
for a very narrow weight range. Our study used a 
weight range large enough that the largest fish 
weighed nearly five times more than the smallest. This 
aptly argues Zeuthen’s precept. Since WC did not age 
fish used in our study, ontogenetic differences may 
bc implied. Zeuthcn (1951) also contended that respir- 
ation coefficients greater than 1.0 could easily result 
from changes in factors other than size. We attempted 
to maintain all extraneous environmental conditions 
fairly constant to allcviate this problem. These factors 
will be examined in a final multiple regression analy- 
sis. One aspect which was not controlled, nor 
accounted for. was activity. Fox (1936) and Newell 
(19’73) have shown oxygen consumption in relation 
to body size in intertidal invertebrates and fish to 
be affected by activity. The possibility of this being 
true for fathead minnows as well, could explain the 
discrepancy between this study and those of other 
authors. Fathead minnows appear to be normally 
quite active. swimming almost constantly, and due 
to their small size. their activity levels were not inhi- 
bited by the quart jar containers used. Thus, we con- 
sider that activity may be an important determinant 
of the fish’s metabolism. A discussion of the effects 
of activity is planned for a later article. 
If it is true that the respiration coefficient is greater 
than 1.0 because of activity. then we can consider 
two possible interpretations. We know that the in- 
crease is greater for each increnlen~l increase in size 
and this would imply that the relative activity in- 
creases with increasing size. Alternatively. a similar 
level of activity might result in larger weight-specific 
oxygen demands in the larger fish. We would also 
consider that with the range offered by our confidence 
limits, the respiration coe~cient might we11 be 1.0 or 
slightly below. A larger sample size and more controls 
on activity will help to make this issue much clearer. 
Wcymouth or rrl. (1942). in studies on the kelp crab 
found 96”,, of the variance in oxygen consumption 
due to body weight. with only 4”,, due to all other 
factors. 
Our study resulted in a large ~oe~cient of deter- 
mination, indicating a high degree of predictability. 
Therefore. by use of the equation produced. the effect 
of weight was eliminated as a variable in the other 
studies conducted. 
Prosser & Brown (196 I ) have stated that standard 
metabolism of fish increases continuously with tem- 
perature up to lethal levels, suggesting a rate change 
of 2.5 times per IO C in the physiological range. Our 
study gives a rate change of 3.0 times per IO C. A 
crude approximation yields a Q,(, of about three. This 
is slightly higher than that suggested by Prosser & 
Brown (196t i. Beamish (I 963) stat& that fresh~v~~ter 
carp have an apparent overall Qlo of about two 
between IO and 30 C. Brook trout show a similar 
QlO over this same range (Graham, 1949). Even the 
saltwater fish used in Merriman’s study (1970), Buth~ 
&G~.s rc~~~~osus. has an overall temperature coefficient 
only slightly larger than two. We are able to conclude 
from this that these minnows appear to exhibit a 
metabolic rate which is more temperature labile than 
has been observed in many other species of fish. 
Though there are some exceptions (see Roberts. 1964). 
temperature compensation is a rare phenomenon 
among the species of fish which have been studied. 
It seems apparent that the enzymes of the fathead 
nlinno~v are notably resistant to thermal denaturation 
over a relatively broad temperature range. 
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Hochachka & Somero (1973) believe most biological 
reactions to occur in a range of Qlo values between 
two and four. Considering this, our Q10 of approxi- 
mately three does not seem unreasonable, though 
remarkable. 
At 27-C. the rate of oxygen uptake diminished as 
oxygen levels of the water decreased. This phenom- 
enon is so general among fish as to be called “respira- 
tory dependence”. Several authors (Graham, 1949; 
Hall, 1930: Maloeuf, 1937) have reported this occur- 
rence for several species of fish. For many fish, respir- 
atory dependence occurs when the oxygen content 
drops below approximately 5 ppm (Gibson & Fry, 
1953). A more detailed discussion will be found in 
the section dealing with effects of oxygen level on 
metabolism. 
This study supports the belief that for most fish, 
and for many ectotherms, weight-specific oxygen con- 
sumption increases exponentially with increasing tem- 
perature. at least within the critical survival limits of 
the organism. In particular. fathead minnows exhibit 
no metabolic compensation over the temperature 
range studied, and indeed. show a relatively high Qle 
In connection with temperature, an investigation 
of opercular movement rates (OMR) between 5 and 
21 C was conducted. OMRs were found to be tem- 
perature labile. We assume minute ventilation volume 
to be equal to OMR times the volume per movement 
(considered to be some constant, k), and. therefore, 
OMR is directly proportional to minute ventilation 
volnme. We also made the assumption that OMR 
was related to the partial pressure of oxygen. 
it was expected that more opercular movements 
would be necessitated by the meager amounts of 
oxygen available in warmer waters. Temperature 
effects on oxygen solubility influence oxygen uptake 
adversely by two routes: first. by reducing the diffu- 
sion coefficient, and second, by reducing total oxygen 
content. Both demand an increase in ventilation. In- 
creasing ventilation, however, reduces the thickness 
of the water film over the surface of the secondary 
lamellae, which provide the major resistance to gas 
exchange (Hills & Hughes, 1970). Increased rate of 
oxygen uptake during accelerated metabolic activity 
should be the result of a proportional increased 
oxygen gradient between the blood and water (Steen 
& Kruysse. 1964). Computation of oxygen consump- 
tion using the temperature equation, and calculation 
of OMR using that respective equation, gave a linear 
relationship when OC (oxygen consumption) was 
plotted as a function of OMR. Thus, ventilation 
volume appears to be connected with temperature 
and OC can be predicted from OMR. 
Group size 
Beyond two fish per jar, the number of fathead 
minnows contained in a constant volume of water 
affects the amount of oxygen consumed per gram of 
fish. These results are contrary to the bulk of pre- 
viously reported research. Malyukina et al. (1962), 
Grigor’eva (1966) and Shtefanesku (19.58) all reported 
an inverse relationship of group size to oxygen con- 
sumption. Several species were examined, and group 
effects were found even for those species not given 
to schooling in the natural habitat. Allee (1931) in 
summarizing research to that date, assumed group 
effect to lower oxygen consumption of group 
members. Schuett (1933) found group effects in gold 
fish (Carassirrs auratus), not a noticeably social ani- 
mal; he was, however, able to obviate the effect by 
maintaining constant volume per fish with increase 
in numbers. Bowen (1932) found no significant dis- 
similarity between grouped and isolated catfish 
(Anwriurus rnrlas), but felt the results were due to in- 
creased activity in the grouped animals. 
Here, the fathead minnow, a schooling fish by 
nature. is found to increase oxygen consumption 
when surrounded by schoolmates. This would indi- 
cate an increased activity on some level. They were 
not observed to be abnormally active when grouped. 
Conversely, isolated fish swam more in their vessels 
than did grouped individuals, intimating an increased 
demand for oxygen due to some unobserved par- 
ameter of metabolism. 
Russian scientists (Grigor’eva, 1966; Shtefanesku, 
1958) found in some species that olfactory cues are 
important in determining schooling behavior. Fish 
were observed to show the same lowered oxygen utili- 
zation when isolates were kept in water previously 
occupied by large numbers of conspecifics. Species 
exhibiting this effect most markedly were those whose 
habitat is relatively turbid and stagnant. In this study, 
while water and fish in all conditions were maintained 
in separate holding tanks between set-ups, water was 
not discarded between runs, nor replaced between this 
and other segments of this experiment. Residual olfac- 
tory cues from conspecifics could possibly have accu- 
mulated between runs, such that additional fish 
present in “sweaty” water could have been perceived 
as over-crowding. Isolated fish would. in this case, 
be most “uncrowded”, and least likely to increase 
their metabolic rate. 
Alternatively, reduction of range of oxygen uptake 
in response to increased group size could intimate 
that fathead minnows have an optimal metabolic rate 
greater than that shown by isolates, and that the pres- 
ence of conspecifics elevates an individual’s rate 
toward that level. In this event, isolates would have 
to vellicate much more. to increase their oxygen con- 
sumption, and some individuals would be more 
accomplished than others at this. Aggregates could 
diminish motor activity, in that stimuli provided by 
conspecifics trigger a rate increase directed at that 
level which enables the school to respond appropri- 
ately to this environment. The results of this study 
do not allow the conclusion that fathead minnows 
have been a schooling species long enough for it to 
be metabolically more efl?cient for the fish to school. 
Oxygen level 
Based upon Fig. 3, fathead minnows appear to 
make a transition between conforming and regulating 
at a dissolved oxygen level of about 5 cm3p. Walshe 
(1947) subjected species of aquatic insect larvae to 
low oxygen levels and observed oxygen consumption 
to decline rapidly, the relationship between oxygen 
consumption and oxygen level being roughly linear. 
Walshe dealt with aerated water, as opposed to stag 
nant water. We assumed fathead minnows to inhabit 
an environment approximating that of these larvae. 
We therefore thought our findings would be correla- 
tive. Snails not exposed to meager oxygen levels exhi- 
3.56 M?‘II I.IAhi 1). WARIS ff ;t,,d f<OXA\NI f(;KAV, 
bited partial regulation at higher oxygen levels 
(Kusins & Mangum. I97 I ). These minnows suggested 
partial regulation at escalated ox\igen Ievcls. Our 
results showed fathead minmtws to be neither true 
conformers nor rcgulotors. but partial replntors and 
conformers. depending on the oxygen Icvel. 
Only information pertaining to partial prcssurcs of 
carbon dioxide was found for tish. and not direct 
elkxts of ouqgen levels. Beamish (I 964) assumed rcs- 
piratory vcolume of fish in ckyated CO2 sitI]~tiolls 
to rise above: that of fish in air-saturated water. consc- 
yucntly raising respiration costs and therefore the rate 
of oxygen consumption. Beamish (IYh4). however, 
demonstrated the standard rate of oxygen consump- 
tion to bc insignificantl\i changed in various concen- 
trations of C’O,. 
W&he (1947) found met~ib(~fisrn in trout directly 
related to current velocity. This seems pla~isihle when 
one considers aeration as a function of velocity. This 
COLIIJ well be related to the motor activity required 
to maintain position in ;I current. Activity will be 
studied as a separate variahlc in ;E later work. 
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